There are controversies about adverse effects of bisphenol A (BPA), a ubiquitous xenoestrogen, on reproduction and development of male animals. To understand BPA action and assess its risk more completely, we examined the impact of BPA at high doses on the testes of pubertal male Kunming (China) mice. BPA at 0 (control), 160, 480, and 960 mg/kg/day was given by gavage to mice from postnatal days (PND) 31-44, followed by observation of morphology and detection of apoptosis and expressions of Fas/ FasL and active caspase-3 on PND 45, 60, and 90 by terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end labeling, immunohistochemistry, and Western blotting. There was no effect of BPA at 160 mg/kg/day, however, at 480 and 960 mg/ kg/day there was underdevelopment of testes and disruption of spermatogenesis. There were many apoptotic Leydig and germ cells in the testes with apoptotic indices being significantly increased compared with controls. The expression of Fas and active caspase-3 was localized in the same cell types as apoptosis occurred, and expression levels of Fas, FasL, and active caspase-3 were significantly increased compared with controls. The disturbed spermatogenesis, apoptosis and upregulation of Fas, FasL, and active caspase-3 expression persisted to PND 90. The results suggest that high-dose BPA induces apoptosis of Leydig and germ cells in the mouse testis through the Fas-signaling pathway. Therefore, there is concern about reproductive health for humans occupationally exposed to high levels of BPA.
Recent reports suggest that the human semen quality has declined during the last 60 years, whereas the incidence of male genital tract abnormalities and infertility has increased (e.g., Maffini et al., 2006) . There are about 10-15% of human populations suffering from a health problem about infertility, and half of those are male. About 30% of male infertility cases are still remaining cryptogenic (Dada et al., 2003; Pasqualotto et al., 2006) . With the improvement of living standards, particular attention has been paid to the connection between male reproductive health and the environment.
In the environment there are various kinds of chemical compounds that have hormone-like effects and interfere with the normal endocrine functions of humans and wildlife, so called endocrine disrupting chemicals (EDCs). It has been reported that a large group of EDCs possess estrogenic activity and act as estrogen agonists or antagonists. Animal studies suggest that these environmental estrogens or xenoestrogens, impact the development, functions, and carcinogenesis of the male reproductive system (Maffini et al., 2006; Welshons et al., 2006; Wetherill et al., 2005) .
Bisphenol A (2,2-bis(4-hydroxyphenyl)propane, BPA) is a phenolic compound and is widely used in the production of resins and polycarbonate plastics. As a model xenoestrogen, BPA is mainly released by containers for food and beverages, and also leached from landfills and lost at production sites (vom Saal, 2007) , thus gradually becoming rich in water, silt and soil. Therefore, human exposure to BPA through the food chain is likely to be widespread and continuous. Although there are insufficient data for BPA effects on human reproduction, some studies in rodents showed that low-dose BPA induced a decrease in the plasma testosterone level, testis weight associated with morphological changes, and sperm count and motility (Aikawa et al., 2004; Takao et al., 1999) . In contrast, other studies could not find treatment-related effects of BPA at low doses (below 50 mg/kg/day) (Kato et al., 2006; Tyl et al., 2002 Tyl et al., , 2008 . However, there is clear evidence that BPA at higher doses causes developmental and reproductive toxicity in male rats and mice Oishi, 2001, 2003) . Highdose BPA may mediate its effects by mechanisms other than those regulated by estrogen receptors (ERs) (vom Saal, 2007; Wetherill et al., 2007) . Therefore, there is a need for further studies to identify direct actions of BPA on intracellular signal transduction or cell integrity, for example, dysregulation of Ca 2þ homeostasis, oxidative stress, and consequent apoptosis (Lee et al., 2008) .
Apoptosis is a process of programmed cell death and involved in various physiological and pathological events (Saikumar et al., 1999) . During various stages of mammalian spermatogenesis, germ cell apoptosis occurs to remove abnormal spermatogenic cells and to maintain normal quantity and quality of sperm afterwards (Billig et al., 1995; Print and Loveland, 2000) . Germ cell apoptosis is also induced by many factors including hormone deprivation, heat, radiation and toxicants (Koji and Hishikawa, 2003; Shaha, 2007) . Excessive and/or abnormal apoptosis of germ cells is one of the vital reasons for oligozoospermia and azoospermia (Tesarik et al., 1998) . Genes such as Fas/FasL, bcl-2 family, p53, hsp, c-myc, and CASP family have been reported to regulate germ cell apoptosis. Among these, the Fas-signaling system has been considered a key regulator of germ cell apoptosis during development and after testicular insults (Koji and Hishikawa, 2003; Lee et al., 1999) . Caspases are a group of cysteine proteases within cells and their activation cascade plays an important role following induction of apoptosis. Caspase-3, as a main final common executor of apoptosis, is responsible for the cleavage of the key cellular proteins, leading to typical morphological changes observed in cells undergoing apoptosis (Budihardjo et al., 1999; Saikumar et al., 1999) .
The present study was designed to investigate the role of apoptosis in the male reproductive toxicity of BPA. Our study confirms a direct toxicity of BPA, at high doses, on mouse testicular cells, thereby contributing to risk assessment of BPA.
MATERIALS AND METHODS
Animals and treatment. Male Kunming (China) mice, provided by the Experimental Animal Center of the Xi'an Jiaotong University School of Medicine, were brought to and kept in the laboratory after weaning. They were randomly divided into the BPA-exposed and control groups. Mice in the BPAexposed groups were given BPA (Alfa Aesar, suspended in corn oil) at doses of 160, 480, or 960 mg/kg body weight/day (0.1 ml/10 g body weight) by oral gavage from postnatal day (PND) 31 through PND 44. Mice in the control group were only given corn oil in the same volume. Throughout the study, all mice were kept with free access to food and water and in an environmentally controlled room with a 12-h light/dark cycle, 19-22°C. The care and treatment of animals were approved by the Institution Animal Care and Research Advisory Committee at the Xi'an Jiaotong University School of Medicine.
In-life observations. All mice were observed at least once per day, 7 days a week. Alterations in the skin and fur, mucous membranes, respiration, and animal behavior were monitored. Food and water consumptions were recorded every other day. All mice were weighed on PND 31 and 38, and on the day sacrificed.
Tissue preparation and morphology. Animals, under deep anesthesia with sodium pentobarbital, were sacrificed by neck dislocation on PND 45, 60, and 90, respectively. There were 10 mice per group at each time point. The testes of both sides were removed, and the right ones were quickly frozen in liquid nitrogen for Western blotting. The left testes were weighed and fixed in Bouin's solution for 18 h. Tissue blocks were then embedded in paraffin and 5-lm-thick sections were cut on a microtome. Sections were deparaffinized, rehydrated, and stained with hematoxylin and eosin in order to evaluate changes in the testis morphology. The diameter of cross-sectioned seminiferous tubules (about 200-300) was also measured by the 550CW Image Acquiring & Analysis System (Leica, Wetzlar, Germany).
TUNEL assay. The terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end labeling (TUNEL) for in situ detection of apoptosis was performed according to the manufacturer's protocol (Promega, Madison, WI). Briefly, sections were first pretreated with 20 lg/ml proteinase K solution for 15 min. Then sections were hybridized with TdT reaction solution containing TdT and biotinylated dUTP at 37°C for 1 h. Standard saline citrate was used for 15 min to terminate the reaction, followed by phosphate-buffered saline (PBS) to remove unincorporated biotinylated nucleotides. Endogenous peroxidase activity was then blocked with 0.3% H 2 O 2 for 5 min. Finally sections were incubated with streptavidin-conjugated horseradish peroxidase diluted in PBS (1:500) for 30 min. Apoptotic cells were visualized in a solution containing 3,3-diaminobenzidine (Sigma, St. Louis, MO) and H 2 O 2 in 0.1M PB. Some of TUNEL-stained sections were counterstained with hematoxylin. Omission of TdT from the TdT reaction solution was taken as the negative control and totally eliminated the staining. The cells with brown stained nuclei were considered apoptotic cells. The seminiferous tubules containing more than three apoptotic germ cells (considered apoptosispositive) and total cross-sectioned tubules were counted on three slides in each animal. The apoptotic and total Leydig cells were also counted in the same way. The apoptotic indices of germ cells and Leydig cells were calculated by the percentage of the positive seminiferous tubules of the total tubules counted (about 200-300) and of the apoptotic Leydig cells of the total ones counted (about 300-500), respectively (Lee et al., 1999) .
Immunohistochemistry. Immunohistochemical staining for Fas, FasL, and active caspase-3 was performed by using the avidin-biotin-peroxidase complex (ABC) method. Rabbit polyclonal antibodies against mouse Fas and rat FasL were purchased from Santa Cruz (Santa Cruz, CA), and anti-active caspase-3 antibody was developed in rabbit using as immunogen a synthetic peptide corresponding to the cleavage site of human caspase-3 (amino acids 167-175) and detected a 17-kDa active subunit of caspase-3 (Sigma). Sections were first pretreated with 0.3% H 2 O 2 and 5% normal goat serum for 30 min, respectively. Then the three primary antibodies all at a dilution of 1:1000 were, respectively, applied to sections overnight at 4°C. After washed in PBS, sections were incubated with biotinylated goat anti-rabbit IgG (1:100, Vector, Burlingame, CA) followed by avidin-biotin-peroxidase complex (ABC, 1:200, Vector) both for 1 h. Immunoreactivity was revealed by incubating sections in 0.05% 3,3-diaminobenzidine-0.01% H 2 O 2 for 5 min. Some sections were counterstained with hematoxylin. Substitution of normal rabbit serum for the Fas, FasL, and caspase-3 antibodies in the negative control completely eliminated the immunohistochemical staining.
Western blotting. Testes of mice on PND 60 from the control and BPAexposed groups were, respectively, homogenized in fivefold volumes of icecold RIPA lysate buffer (Sigma) containing 1mM phenylmethylsulfonyl fluoride (Sigma). The homogenate was then centrifuged at 26,000 3 g for 20 min at 4°C. The total protein concentration was determined with a UV3000 ultraviolet spectrophotometer (Nano Drop, Wilmington, DE). Samples (100 lg protein per lane) were then separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred onto polyvinylidene difluoride membrane (Sigma). The membrane was blocked with 5% nonfat dry milk in Tris buffered saline-Tween 20 (TBST, pH 7.4) for 2 h, and subsequently incubated overnight at 4°C with rabbit polyclonal antibodies against Fas, FasL, active caspase-3 (as mentioned above), and b-actin (Santa Cruz) all at 1:1000, respectively. After washed three times with TBST, the membrane was incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG (1:500, Santa Cruz) for 4 h, and then with the ECL reagent (Pierce, Rockford, IL). Immunoreactive proteins were detected and the product of optical density (OD) and area of each protein band was measured with the G:BOX Bio Imaging Systems (Syngene, Frederick, MD). The respective relative expressions of Fas, FasL, and active caspase-3 were expressed as the ratio of (OD 3 area) of them each versus (OD 3 area) of b-actin.
Statistical analysis. All data were expressed as mean ± SD and analyzed by one-way ANOVA. Post hoc analyses were carried out with the StudentNewman-Keuls test and least significant difference test to determine the difference between two groups. The significant level for all tests was set at p < 0.05.
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RESULTS
General Status of Mice
General developmental items studied (skin and fur color, food intake, and responsiveness) in the 160 and 480 mg BPA/ kg/day groups showed no difference compared with those in the control group. However, mice from the 960 mg BPA/kg/ day group showed rarefaction of hair, torpidity of reaction, and decrease of food intake. After the termination of exposure to BPA, all mice from the BPA-exposed groups gradually increased their food intake and normal activity.
Effects of BPA on Body and Testis Weight
Effect of BPA on body weight. Body weight increased with age in the control mice and in those given 160 mg BPA/kg/day. Body weight gain of the 480 mg BPA/kg/day group was somewhat slow during and after exposure to BPA. The body weight in the 960 mg BPA/kg/day group during BPA exposure was significantly lower than that in the control and other BPAexposed groups (p < 0.05-0.01), however, it gradually increased to the control level after termination of exposure (Table 1) .
Effect of BPA on testis weight. On PND 45, there was no significant decrease in testis weight in mice exposed to 160 and 480 mg BPA/kg/day compared with controls. However, testis weight in the 960 mg BPA/kg/day group was reduced by 21.9% compared with that in the control group (p < 0.05). On PND 60 and 90, testis weight in all groups was gradually increased with a slower increase rate in the BPA-exposed groups, in which testis weight was still significantly lower than that in the control group (p < 0.05) ( Table 2) .
Effect of BPA on Testes Morphology
The size and morphology of testicular seminiferous tubules of mice exposed to 160 mg BPA/kg/day on PND 45 showed no obvious changes compared with controls (Table 3 and Fig.  1A ). However, with 480 and 960 mg/kg/day of BPA exposure, the diameter of seminiferous tubules was significantly reduced (p < 0.05-0.01) with a narrow or no lumen compared with controls, germ cells were mal-arranged, and there were a few elongated spermatids and many karyopyknotic cells. Leydig cells in the interstitial tissue were decreased in number compared with those of the control group (Table 3 and Fig.  1B ). These changes were more pronounced in the 960 mg BPA/kg/day group. On PND 60 and 90, the testes of the control (Fig. 1C ) and 160 mg BPA/kg/day groups (Fig. 1D) showed normal growth, and spermatogenic cells in different developmental stages were found. The seminiferous tubules of 106.1 ± 20.5 119.9 ± 13.9 154.1 ± 24.6 960 85.2 ± 7.6* 106.3 ± 20.4* 146.9 ± 11.9* Note. BPA was given by oral gavage from PND 31 to 44. Only the testes on the left side were weighed. Data are presented as mean ± SD (n ¼ 10 per subgroup). *p < 0.05 versus control. Note. BPA was given by oral gavage from PND 31 to 44. Data are presented as mean ± SD (n ¼ 30 in PND 31 and 38 subgroups, and 10 in other subgroups). *p < 0.01 versus the control group and 160 mg/kg/day group, †p < 0.05 versus the 480 mg/kg/day group. Note. BPA was given by oral gavage from PND 31 to 44. Data are presented as mean ± SD (n ¼ 10 per subgroup). *, **p < 0.05, < 0.01 versus control group and 160 mg/kg/day group. †p < 0.05 versus PND 60.
BPA-INDUCED APOPTOSIS OF MOUSE TESTIS CELLS
429 mice exposed to 480 and 960 mg BPA/kg/day were still underdeveloped on PND 60 (Fig. 1E ), but on PND 90 the tubule diameter was increased (p < 0.05) and histopathological changes were partly recovered compared with those on PND 60 (Table 3 and Fig. 1F ).
Apoptosis in Testes
Only a few apoptotic cells were detected by TUNEL in seminiferous tubules and interstitial tissue of mice from the control ( Fig. 2A ) and 160 mg BPA/kg/day groups (Fig. 2B) . However, numerous apoptotic cells in the 480 and 960 mg BPA/kg/day groups were found ( Figs. 2C and 2D ). Apoptosis mainly involved interstitial Leydig cells and primary spermatocytes, and occasionally round spermatids. The apoptotic indices of both Leydig and germ cells in both the 480 and 960 mg BPA/kg/day groups on all experimental days were, respectively, significantly higher than controls (p < 0.01). The results also showed that the apoptotic indices of both Leydig and germ cells were gradually increased with BPA dose increases (p < 0.05-0.01) (Fig. 3) .
Immunohistochemistry for Fas, FasL, and Active Caspase-3 Expression Fas immunoreactivity was widely distributed in Leydig cells, primary spermatocytes and spermatids in all groups and on all experimental days. The staining was moderate in the control FIG. 1. Representative photomicrographs of the testes from the control mice and BPA-exposed mice, which were given BPA by gavage from PND 31 to 44. On PND 45, the testes in the control group (A) show normal development and morphology. In the 480 mg BPA/kg/day group (B), seminiferous tubules are atrophic and interstitial tissue contains fewer Leydig cells than controls. On PND 60, testis spermatogenesis in the control (C) and 160 mg BPA/kg/day (D) mice is normal. However, seminiferous tubules in the 480 mg BPA/kg/day mice (E) are still underdeveloped with small size and narrow lumen, and contain fewer elongated spermatids and more karyopyknotic cells (arrows) than controls. On PND 90, impaired testicular seminiferous tubules of mice exposed to BPA even at 960 mg/kg/day (F) are partially restored, showing somewhat normally organized germ cells and late spermatids. Hematoxylin-eosin stain. Bar ¼ 100 lm (A and B), 50 lm (C-F). (The color image is available in the online version of the article.) 430 LI ET AL. and 160 mg BPA/kg/day groups (Fig. 4A) , whereas with BPA dose increase the staining became strong, especially in the 960 mg BPA/kg/day group (Fig. 4B) . FasL immunoreactivity was found in Sertoli cells, recognized by their basal and spoke-like pattern, and Leydig cells. Some of these cells were weakly or moderately stained in the control and 160 mg BPA/kg/day groups (Fig. 4C ). In the 480 and 960 mg BPA/kg/day groups, positive cells of both types were markedly increased in number and staining intensity (Fig. 4D) .
On PND 45, 60, and 90, almost no specific caspase-3 immunoreactivity was found in the control and 160 mg BPA/ kg/day groups (Fig. 4E) . However, some moderately to heavily labeled active caspase-3-positive cells were seen in mice exposed to 480 and 960 mg BPA/kg/day. The active caspase-3 immunostaining mainly involved Leydig cells and primary spermatocytes (Fig. 4F) .
Western Blotting for Fas, FasL, and Active Caspase-3 Expression
Various degrees of Fas, FasL, and active caspase-3 expression in the testes of all groups on PND 60 were detected by Western blotting (Fig. 5A ). Image and statistical analyses showed that there was no significant difference in relative expression levels of Fas, FasL, and active caspase-3 between the control and 160 mg BPA/kg/day groups. In the 480 and 960 mg BPA/kg/day groups relative expression levels of Fas, FasL, and active caspase-3 were, respectively, increased by 23.1 and 94.9% (p < 0.01), 33.3 and 50.4% (p < 0.01), and 66.7 and 100.2% (p < 0.01), compared with corresponding controls. Moreover, relative expression of Fas and active caspase-3 was significantly increased (p < 0.05-0.01) with the increasing BPA dose (Figs. 5B-D) .
DISCUSSION
Although BPA has been extensively studied, there is still controversy about whether BPA causes testicular toxicity in laboratory animals (Goodman et al., 2006; Maffini et al., 2006; Willhite et al., 2008) . Discrepancies in experimental outcomes have been attributed to differences in species and/or strains of animals used, routes and time windows of exposure, dosing regimen, etc. Based on the facts that (1) human exposure to BPA is overwhelmingly through the oral route, (2) the maximum nontoxic dose and/or minimum toxic dose of BPA are estimated about 200 mg/kg/day in rats and mice (Takahashi and Oishi, 2003) , and (3) our preliminary study shows no effects of BPA below 160 mg/kg/day on Kunming mice, oral administration of BPA at high doses was applied to male Kunming mice around puberty in the present study. We found that the testis weight of mice exposed to BPA was reduced with Oishi (2001, 2003) , who also found the delay of spermatogenesis and the disorganization of elongated spermatids of male rats exposed to BPA orally at high levels and subcutaneously at a medium level. In their three-and twogeneration studies in SD rats and ICR mice, respectively, Tyl et al. (2002 Tyl et al. ( , 2008 did not find any BPA-related effects on the testis at low doses across generations. At a high dose (600 mg/ kg/day), however, BPA reduced F1/F2 weanling testis weight with minimal to mild hypoplasia of the seminiferous tubules. The authors consider that the testis changes are transient effects from systemic toxicity, because there were no effects on adult testis structure and function (Tyl et al., 2008) . Nevertheless, in our study the apparently disrupted spermatogenesis occurred at 480 mg BPA/kg/day with no marked systemic toxicity. Moreover, the reduced testis weight and disturbed spermatogenesis persisted to adulthood (PND 90), long after the period of BPA exposure had terminated and the body weight and systemic status recovered to the level similar to controls. Accordingly, high-dose BPA seems to affect the testis of mice independently of systemic effects, or there is a subpopulation of cells in the testis that are sensitive to BPA as suggested by Richter et al. (2007) .
Recent in vitro studies in a variety of cells have revealed direct cytotoxicity of BPA, for example, meiotic and mitotic aneuploidy in embryonic and somatic cells (George et al., 2008) , DNA fragmentation in HL-60 cells (Terasaka et al., 2005) , oxidative stress and apoptosis in neurons (Lee et al., 2008) , and apoptosis in ovarian granulosa cells (Xu et al., 2002) and testicular Sertoli cells (Hughes et al., 2000; Iida et al., 2003) . Thus the present study focused on apoptosis of testicular Leydig and spermatogenic cells, which has not yet been studied widely in the field of BPA action.
Leydig cells produce the primary male steroid hormone testosterone, which supports spermatogenesis and fertility in puberty and throughout adulthood. Some studies detected a significant decrease in testicular and blood testosterone levels of different strains of male rats following pre-and postnatal low-dose BPA exposure, and this decrement even persisted in the adults. This effect was shown to be a result of decreased expression of the steroidogenic enzyme 17a-hydroxylase/17-20 lyase in Leydig cells (Akingbemi et al., 2004; Della Seta et al., 2006) . Decreased serum testosterone levels also occurred in male mice following fetal exposure to BPA (Kawai et al., 2003; Takao et al., 1999) . In our study, pubertal exposure to high-dose BPA induced conspicuous apoptosis of Leydig cells in male mice, which persisted into adulthood. Taken together, adverse effects of BPA exposure on Leydig cell function and survival indicate that BPA has the potential to interfere with spermatogenesis and subsequently reduce male fertility.
Our study demonstrates chromatin condensation by hematoxylin-eosin staining and DNA fragmentation by in situ detection in germ cells of mice exposed to high-dose BPA, indicating germ cell apoptosis. The apoptotic index is significantly increased in a dose-dependent manner. We also found that the apoptotic cells are mainly primary spermatocytes, and to a lesser extent early spermatids. This finding is similar to data reported by Chandrasekaran et al. (2006) , where primary spermatocytes and round spermatids were more sensitive to mono-(2-ethylhexyl) phthalate-induced apoptosis as compared with other germ cell subtypes. Billig et al. (1995) also showed that meiotic spermatocytes were the major cell type undergoing apoptosis after treatment of developing rats with a gonadotropin-releasing hormone antagonist. To date, the germ cell death, especially caused by chemical toxicants, is more probably linked to a decreased testosterone level from Leydig cells, or a lack of growth factors and/or nutrients provided by Sertoli cells. From our study, the Leydig cell loss may be responsible to germ cells apoptosis. However, Takahashi and Oishi (2001) showed that high-dose BPA induced seminiferous tubule degeneration and loss of elongated spermatids in the rat testes with a normal level of serum testosterone. Therefore, direct action of BPA at high doses on germ cell apoptosis can not be excluded and further studies are needed. Whatever its direct cause may be, the germ cell apoptosis may explain the previous observations of the decrease in daily sperm production and fertility in BPAexposed male rats and mice (Al-Hiyasat et al., 2002; Chitra et al., 2003; Sakaue et al., 2001) .
Sertoli cells are the second cell type in the seminiferous epithelium and essential for spermatogenesis. Although some in vitro studies demonstrated BPA-induced apoptosis of Sertoli cells (Hughes et al., 2000; Iida et al., 2003) , we did not found this effect in our in vivo study. The conflict of results may be due to different experimental models and cells/animals used. Nevertheless, we did find that the upregulation of FasL expression in Sertoli cells of mice exposed to BPA. Upregulation of FasL followed by massive germ cell loss after testicular insult has been considered a useful marker for alteration of Sertoli cell function (Lee et al., 1999) . It was reported that abnormalities in ectoplasmic specialization between the Sertoli cell and spermatids occurred in BPAinjected adult rats and mice (Toyama and Yuasa, 2004) , and that BPA affected expression and localization of cell junctional FIG. 4 . Immunohistochemical staining (counterstained with hematoxylin) for Fas, FasL, and active caspase-3 in the mouse testes on PND 60. The mice were given BPA by gavage from PND 31 to 44. Fas staining is moderately distributed in Leydig cells (arrowheads) and germ cells in the control mouse (A). However, the staining is dramatically increased in the mouse exposed to BPA at a dose of 480 mg/kg/day (B). FasL staining is moderately located in some of Sertoli cells (arrows) and Leydig cells (arrowheads) in the control mouse (C). The number and staining intensity of both types of labeled cells are increased in the mouse exposed to 960 mg BPA/kg/day (D). There is little active caspase-3 staining in the control mouse (E), whereas some Leydig cells (arrowheads) and primary spermatocytes are strongly stained in the mouse exposed to 480 mg BPA/kg/day (F). Arrows in the insets of (B), (D), and (F) indicate Fas-labeled spermatocytes, FasL-labeled Sertoli cells, and active caspase-3-labeled spermatocytes, respectively. Bar ¼ 50 lm (A-F), 12.5 lm (insets). (The color image is available in the online version of the article.)
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proteins in the SerW3 Sertoli cell line (Fiorini et al., 2004) . Taken together, these findings suggest that BPA also has some adverse effects on Sertoli cells in vivo, and injured Sertoli cells in turn affect development of germ cells.
It is well documented that BPA elicits its cellular responses through binding to ERs at low doses, and interacting with androgen and thyroid hormone receptors at somewhat higher doses. Additionally, BPA also has cytotoxic actions on various cells and tissues through multiple signaling pathways (vom Saal, 2007; Wetherill et al., 2007) . For example, BPA at low doses induced apoptosis and upregulation of Bax and downregulation of Bcl-2 in murine ovarian granulosa cells, indicating that the intrinsic apoptotic pathway is involved (Xu et al., 2002) . BPA over 100lM also induced apoptosis of mouse hippocampal HT-22 cells by increasing intracellular calcium and reactive oxygen species and activating caspase-3. The phosphorylation of extracellular signal-regulated kinase and c-Jun N-terminal kinase suggested involvement of the mitogen-activated protein kinase pathway in the neurotoxicity of BPA (Lee et al., 2008) . In the present study, BPA exposure resulted in apoptosis of both Leydig and germ cells, associated with upregulation of Fas, FasL, and active caspase-3 expression in the mouse testis. Our findings indicate that the Fas-mediated death receptor pathway plays an important role in high-dose BPA-induced apoptosis of Leydig and germ cells. The Fas system may be triggered through cellular changes in oxidative stress (Lee et al., 2008) . For Leydig cell apoptosis, the autocrine interaction between FasL and Fas apparently is the predominant cause, whereas for germ cell apoptosis, the mechanism may be more complex rather than only paracrine control between FasL-expressing Sertoli cells and Fas-expressing germ cells. On the other hand, The Bcl-2 family was also shown to play an important role in apoptosis of germ cells during development (Koji and Hishikawa, 2003) and of granulosa cells after BPA exposure (Xu et al., 2002) . Therefore, further studies are needed to elucidate in more detail the process and role of the Fas system as well as other molecular pathways in BPA-induced apoptosis of testicular cells.
In conclusion, our results not only demonstrate a dosedependant apoptosis of Leydig cells and germ cells induced by high-dose BPA but also provide evidence that BPA upregulates the expression of Fas, FasL, and active caspase-3 in the mouse testis. These findings suggest that BPA may disrupt spermatogenesis by impacting various testicular cell types and by activating the Fas-signaling pathway. BPA seems to have negligible adverse effects to ordinary people because the daily human intake of BPA (0.48-4.8 lg/kg) from environmental and food contamination is far below the U.S. Environmental Protection Agency oral reference dose of 50 lg/kg/day (Vandenberg et al., 2007) . However, given that human exposure to BPA is continuous and BPA can bioaccumulate in some conditions, there still is concern about human reproductive health especially for occupational workers exposed to higher levels of BPA. 
